The autonomic nervous system, composed of sympathetic-and para-sympathetic neurons, plays essential roles in a variety of physiological functions including homeostasis and responses to external stimuli. We here present an overview of recent findings concerning how the sympathetic nervous system is formed during the early development, paying particular attention to the morphogenesis of those tissues derived from migrating neural crest cells. Neural crest cells, originally multipotent, are progressively specified to sympathetic ganglia neurons and adrenomedullary cells during their migration through the body. Importantly, the dorsal aorta, the firstforming blood vessel, acts as a signaling center for their migration and differentiation. BMP signals emanating from the dorsal aorta are essential for establishing environmental cues that directly act on the migrating cells. The mechanisms underlying these early neuro-vascular interactions provide insights into understanding diseases caused by malfunctions and malformations of the autonomic nervous system.
Autonomic nervous system
The autonomic nervous system plays a critical role in homeostasis by integrating visceral organs and peripheral tissues within the body and between the body and its environment. The autonomic nervous system is composed of sympathetic-and para-sympathetic nervous systems, which exert opposed functions. In addition, the sympathetic nervous system responds to acute changes in the external environment. Thus, sympathetic nervous system works for "fight, fright and flight", whereas para-sympathetic nervous system is for "rest and digest". Malfunction of autonomic nervous system is thought to cause or promote many diseases including diabetes, gastrointestinal disorders and depression.
The autonomic nervous system contains pre-ganglionic neurons extending from the spinal cord, and post-ganglionic neurons that extend from peripheral ganglia to target their effectors (Fig. 1A) . The pre-ganglionic neurons transmit signals via synapses to ganglionic cells. In the trunk, the sympathetic ganglia make a chain-like structure along the body axis. In contrast, para-sympathetic ganglia are embedded in organs from which short post-ganglionic neurons extend. Due to these anatomical differences, the study of sympathetic nervous system has progressed more rapidly compared to that of the parasympathetic nervous system. Most visceral organs are innervated by both sympathetic-and para-sympathetic neurons, where they target endocrine tissues, and exocrine tissues, and the smooth muscles of the gut. The smooth muscles of blood vessels are innervated only by sympathetic neurons.
Contrasting with their well-described anatomy, the physiological functions and regulatory activities of the autonomic nervous system remain poorly understood. This is due to their highly complex structures compared to those of other peripheral neural cells, such as sensory neurons. One way to understand the functions of autonomic nervous system is to delineate the cellular and molecular mechanisms of its early formation during development. In this article, we present an overview of recent advances in studying how the autonomic nervous system is formed with a particular focus on the sympathetic nervous system. The mechanisms underlying the early development of parasympathetic nervous system have just begun to be unveiled (Dyachuk et al., 2014; Espinosa-Medina et al., 2014) .
Developmental origins of the autonomic nervous system
In 1970s, the origin of autonomic nervous system was intensively analyzed. For the study of cell lineages, chicken-quail chimera offered a powerful tool, in which quail cells transplanted into chicken host embryos could be unambiguously be identified. A series of transplantations performed by Le Douarin and her colleagues revealed an important contribution of neural crest cells (NCCs) to the autonomic nervous system. NCCs are a transient embryonic population of cells that emigrate from the dorsal aspect of the neural tube (Fig. 1B) . NCCs migrate dynamically in the body to their target tissues before the final differentiation. NCCs also give rise to many other types of cells, including melanocytes and neurons and glia of the peripheral nervous system. Importantly, in Mechanisms of Development 138 (2015) 2-7 ☆ Paper presented at the 5th International Conference on Swimming Pools and Spa, Rome, Italy, 9-12 April 2012. the autonomic nervous system, post-ganglionic neurons in both the sympathetic-and parasympathetic nervous systems are entirely derived from NCCs (Le Douarin and Kalcheim, 1999) . NCCs also contribute to the adrenalin-secreting medulla of the adrenal gland whereas its steroid-secreting cortex derives from a completely different tissue, the lateral plate mesoderm.
The fates of NCCs differentiating into sympathetic-or parasympathetic ganglia are mapped at different positions along the body axis. Sympathetic ganglia arise from the level caudal to the fifth pair of somites (5th somite) (Fig. 1C) . Visceral para-sympathetic ganglia are thought to share the origins with the enteric neurons, namely the vagal and sacral regions of the neural crest. Cranial para-sympathetic Fig. 1 . Sympathetic nervous system and its developmental origin. (A) Pre-ganglionic neurons (green), extending from the spinal cord, project to the chain of sympathetic ganglia, where they make synapses with post-ganglionic neurons (pink). Post-ganglionic neurons in turn project to a variety of peripheral tissues. Adrenomedullary cells (pink) are innervated directly by pre-ganglionic neurons. (B) Among several lineages of NCCs, cells fated to sympathetic ganglia (SG) migrate along a ventral path toward the dorsal aorta (DA), whereas those fated to sensory neurons form dorsal root ganglia (DRG). Cells migrating underneath the epidermis are melanocyte precursors. (C) Developmental origins of autonomic ganglia and adrenomedulla in chicken embryos. Sympathetic ganglia (red), adrenal medulla (purple), parasympathetic ganglia (green), and enteric ganglia (blue) arise from different levels along the body axis. Sympathetic ganglionic precursors (red) originate from a wide region caudal to the 5th somite level, and those from the levels 18th to 24th also give rise to the adrenomedulla (purple). Visceral para-sympathetic ganglia are thought to share the origins with the enteric neurons, the vagal and sacral regions (blue) of the neural crest. Cranial para-sympathetic ganglia are mostly derived from mesencephalic region (green). Melano.: Melanocyte. Mes. Mesencephalon (Le Douarin and Teillet, 1971; Teillet and Le Douarin, 1974). ganglia are mostly derived from the mesencephalic region. The origin of the adrenomedulla is restricted to the NCCs between the 18th somite and 24th somite, included in the levels of presumptive sympathetic ganglia (Le Douarin and Teillet, 1971; Teillet and Le Douarin, 1974) . The fate map of NCCs made for avian embryos is also applicable to mammalian embryos (Trainor, 2005) .
Shared characters between sympathetic ganglia and adrenomedulla
The levels 18th-24th are particularly interesting since NCCs derived from this level give rise to both sympathetic ganglia and adrenomedulla (Fig. 2) . These cells migrate ventrally as common precursors of sympathoadrenal lineage (SA cells) toward the dorsal aorta, the first-forming embryonic blood vessel. Subsequently they segregate from each other (Anderson and Axel, 1986; Anderson et al., 1991) . Finally, cells specified to sympathetic ganglia remain near the dorsal aorta, while the adrenomedullary specified precursors further migrate ventrally, where they become associated with cortical cells to form the adrenal gland (Fig. 2) .
The intimate relationships between sympathetic ganglia and adrenomedulla cells can also be appreciated in adults. Both tissues are innervated directly by pre-ganglionic neurons extending from the spinal cord ( Fig. 1 ), and they both show similar profiles of geneand protein expression, as well as the production of catecholamines (ex. adrenaline and noradrenaline) (Huber, 2015) . Moreover, adrenomedullary cells trans-differentiate into sympathetic neurons when treated with nerve growth factor (NGF) in vitro (Anderson and Axel, 1986; Ogawa et al., 1984) .
Three steps during morphogenesis of sympatho-adrenal lineage
Differentiation of NCCs is not only regulated by intrinsic determinants, but is also influenced profoundly by environmental (extrinsic) factors that NCCs encounter during their migration. For example, NCCs taken from other levels along the body axis can participate in forming the adrenomedulla when they are transplanted to somite levels 18-24 (Teillet and Le Douarin, 1974) . Thus, these NCCs are not completely specified by their original position along the anterior-posterior axis, and environmental factors of this level are critical for adrenomedullary differentiation.
During the long "journey" of the SA lineage during normal development, cells must encounter many different environmental cues that also change constantly as development proceeds. We divide these intricate morphogenetic processes into three distinct steps to understand the molecular and cellular mechanisms governing each stage (Fig. 2) .
Step 1 is the early migration of SA precursors toward the dorsal aorta.
Step 2 is the specification and segregation that takes place in the paraaortic region to distinguish the sympathetic ganglia and adrenomedulla lineages.
Step 3 is the continued ventral migration of adrenomedullary precursor cells away from the dorsal aorta, and their subsequent association with the adrenocortex to form the adrenal gland.
Step 1: Early migration of NCCs toward the dorsal aorta
For the early migration of SA cells, the role of the dorsal aorta was extensively studied mostly in vitro, where NCCs were either co-cultured with a dorsal aorta or treated with aortic factors. The dorsal aorta was shown to promote sympathetic ganglionic differentiation, and Bone Morphogenetic Proteins (BMPs) expressed by this blood vessel, were sufficient to direct cells into the sympathetic lineage where they express catecholaminergic characters (Reissmann et al., 1996; Shah et al., 1996) .
Recently, effects by the dorsal aorta on the migration of SA cells were studied directly in ovo using chicken embryos (Saito et al., 2012) . When a piece of dorsal aorta was ectopically transplanted into a somite, an accumulation of NCCs was observed around the transplant. Thus, the dorsal aorta exerts attractants to migrating NCCs.
To study the molecular mechanisms underlying the aortic effects on NCCs in ovo, gene manipulation techniques developed for chicken embryos proved powerful. For example, the dorsal aorta and NCCs can be genetically manipulated separately in a single embryo (Saito et al., 2012) . To block BMPs produced by the dorsal aorta, Noggin cDNA was infused into the dorsal aorta, and this resulted in no accumulation of SA cells around this blood vessel. Thus, it was shown that aortic BMPs, BMP4 and BMP7, are required for the proper migration of SA cells. This was interesting because previous experiments (Schneider et al., 1999) showed that BMPs were critical for the differentiation of these NCCs into SA cells. Thus, BMPs are responsible for the migration, specification, and differentiation of NCCs into SA cells.
But this is not the whole story. BMPs turned out not to be the direct attractants to SA cells, since when BMP signal was blocked in migrating NCCs/SA cells using dominant negative BMPR1A (BMP receptor), cell migration was largely unaffected. Actually, this is consistent with the previously reported mouse genetic study (Morikawa et al., 2009) , where SA cell migration was unaffected in mice lacking Alk3 (BMP receptor 1A) in NCCs. After searching candidate molecules by expression screening, two molecules were found to act as direct chemoattractants for SA cells: one is stromal derived factor 1 (SDF1), a chemokine also called CXCL12, and the other is Neuregulin 1 (NRG1), a member of EGF family. Both SDF1 and NRG1 are expressed in a pattern that coincides with SA accumulation around the dorsal aorta. When functions of their cognate receptors, CXCR4 or ErbBs, were knocked down specifically in NCCs, their migration was markedly disturbed. Furthermore, both SDF1 and NRG1 attracted NCCs both in ovo and in vitro. Thus, SDF1 and NRG1 exert chemoattractive activity to migrating SA cells during normal development. Simultaneous knockdown of CXCR4 and ErbBs in NCCs enhanced the defects in migration, suggesting that the two attractants act synergistically. This is consistent with previous reports where single knock out/down of these molecules exhibited only mild defects in SA cells either in mice (Britsch et al., 1998) or in chickens (Kasemeier-Kulesa et al., 2010) .
The para-aortic expression of SDF1 and NRG1 mRNAs is established by the dorsal aorta, and this is mediated by aortic BMPs (see Fig. 5 , Step 1). This was shown by two experiments: (1) an ectopically transplanted dorsal aorta induced SDF1 and NRG1 mRNAs in nearby mesenchymal cells, and (2) inhibition of BMP by Noggin ectopically expressed in the normal dorsal aorta extinguished the expression of SDF1 and NRG1 (Saito et al., 2012) . However, the dorsal aorta must produce other factor(s) yet to be determined, since BMPs do not substitute for the dorsal aorta in the ectopic induction of SDF1 and NRG. Step 1: SA cells (red dotted arrows) migrate from the dorsal aspect of the neural tube toward the dorsal aorta (blue) to colonize in the para-aortic region.
Step 2: In the defined region along the body axis, SA cells segregate into sympathetic ganglionic (Sg)-and adrenomedullary (Am) precursors.
Step 3: The adrenomedullary precursors further migrate ventrally, and become associated with the adrenocortex (purple; lateral plate origin) to form the functional adrenal gland. SA cells: Sympatho-adrenal precursor cells.
Nevertheless, it is noteworthy that the dorsal aorta provides essential factors for differentiation and migration of SA cells.
In addition to attractive actions, repulsive cues are also critical for the proper migration of SA cells. SA cells do normally not migrate into the posterior half of each somite, lateral plate mesoderm, or intestine. Neuropilin1/2 (Nrp1/2)-Semaphorin3F (Sema3F) signals and EphB3-EphrinB1 signals are required for the restriction of the migration routes of SA cells in somites (Eickholt et al., 1999; Krull et al., 1997; Osborne et al., 2005) . The Nrp1-Sema3A signal also prevents SA cell descendants from invading into lateral tissues including limbs and body wall (Kawasaki et al., 2002) , while Robo-Slit mediated-repulsive cues are also shown to act as a barrier for SA cells in the intestine (De Bellard et al., 2003) .
Step 2: Segregation between sympathetic ganglia and adrenomedulla
After reaching the aortic area, SA cells segregate into sympathetic ganglionic-and adrenomedullary precursors (Fig. 2) . Although several molecules including NGF, glucocorticoids, and BMP4 were previously implicated (Anderson and Axel, 1986; Huber et al., 2008) , their precise roles remained elusive. A recent study has revealed that early sympathetic ganglia and adrenomedulla are distinguished by differential dynamics of BMP signaling (Saito et al., 2012) . When SA cells reach the aortic area, these cells are pSmad1/5/8-positive, indicating that they are responding to BMPs. Subsequently, the pSmad signal disappears in all the SA cells. pSmad signal then reappears, but this reactivation is only in adrenomedullary cells but not in sympathetic ganglia (Fig. 3A) . BMP signals are indeed required for the adrenomedullary specification, since inhibition of BMPs either by Noggin or dominantnegative (DN)-BMPR1A abrogates the adrenomedullary population, whereas sympathetic ganglia remain unaffected (Fig. 4) (Saito et al., 2012) . These findings were obtained by temporally regulated expression of transfected Noggin cDNA by the tet-on method (Watanabe et al., 2007) . This ability to control the time of BMP inhibition is critical for analyzing cell segregation after the SA cells have reached the aortic area because BMPs are also involved in the earlier specification of NCCs (Jin et al., 2001; Lee and Jessell, 1999; Sela-Donenfeld and Kalcheim, 1999) . Again, as in Step 1, the dorsal aorta acts critically by providing BMP signals to segregate the adrenomedullary lineage from the sympathetic ganglionic lineage (Fig. 5) .
How do the BMP-responsive cells (pSmad-positive) and BMP-nonresponsive cells (pSmad-negative) emerge from the common SA precursors? Notably, sympathetic ganglionic precursors but not medullary cells express Crossveinless-2 (Cv-2) prior to the segregation between the two sub-lineages (Fig. 3B ). Cv-2 encodes a secreted protein that binds to BMP ligands in the extracellular space (Coffinier et al., 2002) . Cv-2 is known to act as a BMP antagonist in several developmental contexts (Coles et al., 2004; Kelley et al., 2009; Moser et al., 2007) . Thus, it is conceivable that Cv-2 represses BMP signals in the sympathetic ganglionic lineage. How Cv-2 turns on specifically in this lineage awaits further investigation. (Watanabe et al., 2007) . Sg and Am precursors are visualized by HNK-1 epitope. Scale bar: 100 μm. Modified from Saito et al. (2012) . 
4.3.
Step 3: Ventral displacement of adrenomedullary cells to form the adrenal gland After being segregated from sympathetic ganglia, adrenomedullaspecified cells are displaced away from the dorsal aorta, and they migrate ventrally to become associated with cortical cells originating from the lateral plate mesoderm (Fig. 2) . There has been a long standing debate as to whether medullary cells require the cortex for their differentiation and migration. Several studies showed positive effects by the cortex, mainly by experiments using in vitro culture (Anderson and Axel, 1986; Doupe et al., 1985; Unsicker et al., 1978) . In contrast, in adrenocortex-deficient Sf1/Ad4BP knockout mice (Luo et al., 1994; Shinoda et al., 1995) , adrenomedullary cells exist, although the number of these cells is reduced to half (Gut et al., 2005) . Thus, the cortex is partially required for the formation of adrenomedulla.
A recent study has further revealed that multiple tissues cooperatively regulate the adrenomedullary morphogenesis (Saito et al., 2012) , where Neuregulin (NRG1) is an important mediator. NRG1, shown to have a guiding ability of migrating adrenomedullary cells, is expressed in two distinct streams located medially and laterally, where adrenomedullary cells are positioned in between. Surprisingly, these two NRG1-positive regions are derived from different origins: the medial one is of somitic origin (para-aortic mesenchyme), while the other is adrenocortical population derived from the lateral plate mesoderm (Fig. 5) . Importantly, in the adrenocortex-deficient Sf1/ Ad4BP knockout mice, the lateral NRG1-positive stream of cortical precursors is absent (as expected), while the medial NRG1-positive stream of somitic origin remains unaffected (Saito et al., 2012) . Thus, this knockout mouse has "a half dose" of NRG1 for the migration of adrenomedulla, and this explains well why adrenomedullary formation is mildly affected in the cortex-deficient mice (Gut et al., 2005) .
It is plausible that adrenomedullary precursors are positively regulated by at least two types of cells of different origins that act cooperatively. Here again, the dorsal aorta and aortic BMPs are essential for the NRG1 expression along the migration pathway of adrenomedulla (Fig. 5) .
5. Conclusion and perspectives: the dorsal aorta acts as a signaling center for morphogenesis of sympatho-adrenomedulla
We have presented an overview of recent findings concerning the cellular and molecular mechanisms by which sympatho-adrenomedullary cells accomplish their "long journey" in the early embryo. Most importantly, the dorsal aorta acts as a signaling center for the entire morphogenesis: the dorsal aorta positively regulates the early migration and differentiation of SA cells (Step 1), the segregation of adrenomedulla precursor cells from sympathetic ganglia precursor cells (Step 2), and the continued ventral migration of adrenomedullary cells (Step 3) (Fig. 5) . For all the steps, BMPs produced by the dorsal aorta play essential roles, although output by signal-receiving cells depends on morphogenetic context. Thus, migrating SA cells and their descendants change their responsiveness to their environment, which also changes constantly as development proceeds. Same ligands such as NRG1 are recurrently used in a spatio-temporally regulated manner (Step 1 and
Step 3).
Several fundamental problems remain to be solved. What are the complete sets of molecules provided by the dorsal aorta that act on SA cells and their descendants? What is the trigger to generate heterogeneity of intracellular BMP signaling within the SA precursors? And along the body axis, what distinguishes the sympatho-adrenal producing level (18th to 24th) from other levels that give rise only to sympathetic ganglia.
Nevertheless, the importance of the dorsal aorta for the early formation of sympathetic nervous system is particularly significant, since sympatho-vascular interactions are crucial for homeostasis in adults; i.e. sympathetic ganglionic neurons innervate smooth muscles of blood vessels. Understanding the mechanisms of sympatho-vascular interactions must be helpful to develop treatments for homeostatic disorders, many of which are related to malfunction of sympathetic nervous system.
